Vascular epiphyte species exclusively, or at least primarily, germinate and grow on other plants without contact with the soil and, in contrast to mistletoes, without parasitizing their hosts. The last review of the systematic distribution of this diverse group of plants dates back more than two decades. The present study pursues three major goals: (1) it critically discusses conceptual problems arising from the distinction of epiphytes from non-epiphytes; (2) it presents a compilation of epiphytic diversity derived from a vast number of sources; and (3) it arranges epiphyte diversity in an up-to-date taxonomic framework. The resulting compilation, which identifies 27 614 species of vascular epiphytes (including primary hemiepiphytes) representing 913 genera in 73 families, or approximately 9% of extant vascular plant diversity, is meant to be an important tool for studies on the ecology and evolution of epiphytes, but also for comparative studies with a focus on other life forms.
INTRODUCTION
Vascular epiphytes are plants which germinate and root non-parasitically on other plants (Benzing, 1990) . Whereas this simple definition unambiguously separates vascular epiphytes from mistletoes, its seeming clarity vanishes when it comes to all those species that are not exclusively found in arboreal habitats. The exceptional individual of a terrestrial species that grows as an epiphyte in, for example, the rotten core of an old tree or in the base of a palm leaf filled with debris, hardly justifies calling the entire species 'epiphytic', but there are species in which occurrences as epiphytic, lithophytic or soil-rooted individuals are more balanced. The latter group of species causes a more severe conceptual problem.
A number of more or less sophisticated schemes have been proposed in order to approach this problem (e.g. Benzing, 1990; Ibisch, 1996; Burns, 2010) . For example, Ibisch (1996) defined 'obligate' epiphytes as those species with > 95% of all individuals in a particular region growing epiphytically, 'accidental' epiphytes as those with > 95% of all individuals in a region growing terrestrially and 'facultative' epiphytes as those with proportions between these two extremes. Unfortunately, for most species the detailed information necessary to apply such a scheme is simply not available and this situation is unlikely to change in the foreseeable future. Even more complicating, there may be regional variation in the degree of fidelity to the epiphytic habitat within a species. For example, in most of its natural range Vriesea arachnoidea A.Costa primarily occupies tussocks on leaf litter, whereas epiphytic individuals are rare. However, in the Serra da Araponga (Minas Gerais), this species almost exclusively grows as an epiphyte (Gomes-da-Silva & da Costa, 2011) . Finally, in tropical montane forests, the distinction between epiphytes and terrestrials is often vague, because growth conditions on moss-laden branches of stunted trees hardly differ from those on mosscovered ground, as already mentioned by Schimper (1888) .
Other research areas face similar conceptual problems, but does, for example, the existence of numerous C3 species with limited nocturnal increases in malic acid preclude a list of species with crassulacean acid metabolism (CAM)? Similar to a list of CAM plants (e.g. Smith & Winter, 1996) , a list of vascular epiphytes represents an important basis for the study of the evolution of this life form in the plant kingdom and the study of key adaptations that facilitated the conquest of tree canopies, CAM probably being one (Quezada & Gianoli, 2011) . The obvious need for a list of epiphytes in spite of these ambiguities has resulted in a number of compilations over the last 120 years. Schimper (1888) was probably the first to review the epiphytic taxa known in the late 19 th century in his seminal work on vascular epiphytes of the New World. Later efforts took advantage of a continually improved data basis and provided much more comprehensive quantitative information. A century after Schimper, Benzing (1990) published a slightly modified version of a list originally compiled by Kress (1986 Kress ( , 1989 , which itself built on a number of different sources (Schimper, 1888; Madison, 1977; Atwood, 1986; Renner, 1986) . The Kress-Benzing list (subsequently called KBL) included some 23 000 species in 84 families as epiphytes.
In the more than 20 years since this last review of the systematic distribution of vascular epiphytes, taxonomy has experienced a revolution attributable to the large-scale use of molecular techniques. Substantial changes in the grouping of extant plant life have to be incorporated. Secondly, there has been a large number of new reports of epiphytic species, in some cases for taxa in genera or even families lacking previous records of epiphytic members; for example, in the case of Gardenia J.Ellis in Rubiaceae (Gardenia epiphytica Jongkind; Jongkind, 2005) or Orobanchaceae with the species Pedicularis 'dendrothauma' (Allard, Petru & Mill, 2005) . Critical revisions of particular families resulted in major increases of known epiphytic taxa. For example, the most recent review of epiphytic bromeliads (Luther & Norton, 2008) raised the number of known taxa by almost 50% from 1144 (KBL) to 1692 species. Numbers also increased in families that are much less associated with epiphytic growth. For example, KBL only lists five species of epiphytic Crassulaceae, but a recent monograph increased this number by a factor of four to some 20 species (Eggli, 2003) . Similarly, a recent monograph of Nepenthes L. with a substantial amount of ecological information, raised the number of epiphytic taxa in this genus from six (KBL) to 34 (McPherson, 2009) .
Overall, this information is widely scattered in data bases on the Internet (e.g. WCSP, 2012) , in monographs (e.g. Pridgeon et al., 1999; Eggli, 2003) , formal species descriptions (e.g. Williams, Kress & Htun, 2003; Yin, Li & Xu, 2004) , floras and plant checklists (e.g. Correa A., Galdames & de Stapf, 2004; Hsu & Wolf, 2009) or in the ecological literature (e.g. Cadet, 1977; Hietz & Hietz-Seifert, 1995; Wester et al., 2011) , but no comprehensive revision of our knowledge of the taxonomic distribution of epiphytism among vascular plants has been undertaken since the publication of KBL in Benzing (1990) . This motivated the current contribution, which critically reviews all available information in print and on the Internet and unpublished observations from specialists contacted. The resulting compilation and critical evaluation of the concept of 'epiphyte' yields a valuable reference for researchers who study (macro)ecological and evolutionary questions related to vascular epiphytes, but is similarly important for biologists conducting comparative studies with other life forms.
MATERIALS AND METHODS

DEFINITION OF 'EPIPHYTE'
The oldest known definition of epiphyte ('Plants which germinate on other plants without taking their nourishment from these'; Mirbel, 1815) already stressed the distinctive importance of the site of germination. But even obligate epiphytes that clearly satisfy this definition are a diverse plant group ecologically. The fidelity among facultative epiphytes to the epiphytic habitat is even more diverse. Although possible in principle (e.g. Ibisch, 1996; Burns, 2010) , a quantitative distinction between obligate and facultative epiphytes is not feasible for all practical purposes because of lack of detailed ecological information for the large majority of species, which is frequently confined to brief notes of collectors or anecdotal observations. Accidental epiphytes, i.e. terrestrial species that rarely grow epiphytically without necessarily completing their life cycle there, can be identified somewhat more easily and are excluded. Their uncritical inclusion would inflate our estimate of epiphytic diversity, with probably hundreds or even thousands of species worldwide (e.g. Sharp, 1957; Morici, 1998; Zotz & List, 2003; Brandes, 2007; Hall & Bunce, 2011) . Good examples of species that are repeatedly mentioned in studies in the temperate zone in Europe are herbs such as Oxalis acetosella L. or Geranium robertianum L., and even trees such as Sorbus aucuparia L., all species which can be occasionally found in wetter forests growing on old trees with accumulations of organic material (Zotz, 2005) . The decision to exclude these plants from the present paper does not ignore the fact that some species seem to be much more prone than others to grow epiphytically. The study of this group in their own right may 454 G. ZOTZ be quite instructive: they may share a suite of traits that distinguish them from the majority of co-occurring terrestrial species that are never found in arboreal situations.
Because of regional differences, conflicting categorization of a given species as, for example, 'epiphyte' or 'lithophyte' may be caused by plasticity of individual species. Alternatively, such discrepancies may result from conceptual confusion. Many researchers do not strictly distinguish true epiphytes from other structurally dependent growth forms such as lianas and vines, primary or secondary hemiepiphytes or parasitic mistletoes. For example, Maffia, Nadkarni & Janos (1993) labelled Piper subsessilifolium C.DC. from Monteverde as an 'epiphyte', whereas the checklist from the same location (Haber, 2000) lists the species as a vine. I concur with the latter interpretation, because there is actually no evidence for any truly epiphytic species of Piper L. (R. Callejas, pers. comm.), although members of this genus are frequently listed as epiphytes. The noted confusion actually started with the onset of the scientific study of vascular epiphytes, when Schimper (1888) Earlier compilations such as KBL normally excluded vines and mistletoes, but included hemiepiphytes. As argued previously (e.g. Zotz & Bader, 2011) , secondary hemiepiphytes should be separated from epiphytes because of major differences in their ecology. In agreement with Holbrook & Putz (1996) , I consider these plants to be basically vines ('nomadic vines' sensu Moffett, 2000) , germinating on the ground and climbing up supporting trunks. Although their main stem may degenerate distally, adventitious roots usually maintain contact with the soil. Physiologically indistinguishable from vines, secondary hemiepiphytes are therefore excluded from the current treatment. Primary hemiepiphytes, however, like the majority of Clusia L. or the strangling species of Ficus L., share the critical early ontogenetic phases of epiphytic germination and seedling establishment with true epiphytes and are consequently included, but marked as hemiepiphytes in Table 1. This discussion indicates that an unambiguous list of vascular epiphyte species is impossible for all practical purposes. Even in the absence of ongoing and future taxonomic revisions, we will always be left with unavoidable inconsistencies.
DATA BASIS
The starting point for this study was the list published by Benzing (1990) , which is mostly identical to that of Kress (1986) . Taxonomic information on valid genus and family names and species/genus numbers etc. was taken from the Angiosperm Phylogeny Website (http://www.mobot.org/mobot/research/ apweb/) and The Plant List (2010). My compilation is structured as suggested by Christenhusz, Zhang & Schneider (2011b) , Christenhusz et al. (2011a) and Haston et al. (2009) for ferns, gymnosperms and angiosperms, respectively. Higher taxonomic ranks follow Chase & Reveal (2009) . The numbers in the present study are based on sources independent of KBL, most importantly the WCSP, monographs (e.g. Taylor, 1994; Regalado, 1995; Clausing, 2000) , digital herbaria (e.g. http://ww2.bgbm.org/herbarium/), input from a number of experts (see also Supporting Information, Appendix S1) and the author's own data base, which includes almost 26 000 epiphytic species and is based on an extensive survey of the ecological and taxonomic literature and decades of personal observations. Comparing the information from these sources yielded disagreements in hundreds of cases. Many were easy to resolve, for example when WCSP missed epiphytic species like Gastrorchis simulans (Rolfe) Schltr. (Bosser, 1971) (Mabberley, 1987) . This explains somewhat different species numbers from those in The Plant List, but this inconsistency should not affect the major goal of this work, which is the review of the relative prevalence of epiphytic taxa among vascular plants and not a revision of the plant kingdom at large. Hybrids, even naturally occurring ones (e.g. Borba & Semir, 1998; Cetzal-Ix, Balam-Narvaez & Carnevali, 2012) , were not considered.
RESULTS
The 27 614 species of vascular epiphytes compiled in Table 1 represent 913 genera in 73 families, or approximately 9% of all cormophytes. The distribution among the 11 accepted subclasses of vascular land plants is very uneven. No epiphytes are known from the five subclasses Equisetidae, Marattiidae, Ginkgooidae, Pinidae and Gnetidae and there is only a single epiphytic species in Cycadidae, Zamia pseudoparasitica J.Yates. In contrast, approximately 9% of Magnoliidae and > 25% of Polypodiidae share a primarily epiphytic existence. In the following, all families of vascular plants with at least 50 epiphytic species are briefly described, along with some comments on remarkable epiphytic occurrences in other families. Approximately 2700 species in 121 genera of ferns and fern-allies are epiphytic. There are seven families with > 50 epiphytic species, by far the most important being Polypodiaceae, which alone accounts for c. 50% of all epiphytic fern species. This family also hosts by far the largest number of genera with epiphytes (75 genera), but the genera with the largest numbers of species (> 400 species each) are the paraphyletic Asplenium L. s.s. (one of two genera in Aspleniaceae, compare Christenhusz et al., 2011b) and Elaphoglossum Schott, which belongs to Dryopteridaceae. In both genera, the majority of species are epiphytes (Rouhan et al., 2008; Bellefroid et al., 2010) . Three other genera in Dryopteridaceae have epiphytic members; a few facultatively epiphytic species in Ruhmora Raddi and Polystichum Roth and the monotypic rainforest epiphyte Revwattsia fragilis (Watts) D.L.Jones, an endemic to Queensland. Reports of *For each subclass, order and family, the numbers of epiphytic genera/all genera and numbers of epiphytic species/total species are given. †Analogously, for each genus with epiphytic members, the number of epiphytic species/total species are given. ‡Numbers in parentheses behind family names refer to the linear system as described in Christenhusz et al. (2011b: F1-F48) , Christenhusz et al. (2011a: G1) and Haston et al. (2009: 1-411 ), respectively. §An (H) marks genera, which have many or only primary hemiepiphytes. epiphytic species of Dryopteris Adans. (e.g. Fischer et al., 2010) seem to describe accidental occurrences of basically terrestrial species.
More than 300 species of Hymenophyllaceae are epiphytic. Generic delimitations vary substantially. For example, The Plant List distinguishes > 30 genera, whereas Christenhusz et al. (2011b) acknowledged 'two or more genera'. Until consensus is reached, the well-established large genera are maintained here. Both genera of filmy ferns, Hymenophyllum J.Sm. s.l and Trichomanes L. s.l., which roughly correspond to two phylogenetic lineages (H. Schneider, pers. comm.), have a large proportion of epiphytic taxa (Dubuisson et al., 2003; Dubuisson, Schneider & Hennequin, 2009) .
Slightly fewer epiphytic species (c. 220) are found in Lycopodiaceae. Again, generic delimitations vary from one to three genera (Christenhusz et al., 2011b) to 19 genera in The Plant List. I recognize the three genera Lycopodium L., Lycopodiella Holub and Huperzia Bernh. Virtually all epiphytic members belong to Huperzia.
The estimated 100 epiphytic species in Pteridaceae belong almost entirely to subfamily Vittarioideae, the most species-rich genus being Vittaria J.Sm. The last family of ferns with > 50 epiphytic species is Davalliaceae. Again, following Christenhusz et al. (2011b) only two genera (Davallia S.Sm., Davallodes (Copel.) Copel.) are recognized. These are entirely epiphytic.
Most epiphyte species are orchids and most orchids are epiphytes. With almost 19 000 epiphytic species in 543 genera, the orchids alone account for 68% of all epiphytes and 59% of all genera with epiphytes. In the family Orchidaceae, 69% of all species (60% of all genera) are epiphytes. Among these there are some exceedingly large genera such as Bulbophyllum Thouars (1866 species), Dendrobium Sw. (1448 species) and Epidendrum L. (1374 species). They all have at least a few species that grow terrestrially or lithophytically (e.g. 33 Epidendrum spp.). The five subfamilies of Orchidaceae contribute very unequally to these impressive numbers; virtually all epiphytes are found in Epidendroideae, with < 100 species being found in all other subfamilies combined. Beyond low numbers, the limited adaptation to the epiphytic lifestyle is also highlighted by the observation that the few epiphytic members in these subfamilies are mostly found in less demanding situations; for example, in humus-filled crevices, bark fissures or lichen-covered limbs in wet forests (Benzing & Atwood, 1984) .
The second most important in terms of numbers of epiphytic species among Magnoliidae is Bromeliaceae with almost 1800 epiphytes, which represents almost 60% of all species in this family. Epiphytism is largely confined to the subfamilies Bromelioideae and Tillandsioideae, Tillandsia L. being by far the most species-rich genus, followed by Vriesea Lindl. and Aechmea Ruiz & Pav. All three genera have c. 10% non-epiphytic members. With one exception, this family is confined to the New World, where its ecological importance in terms of local contribution to total epiphyte biomass or its influence on canopy fauna often exceeds that of orchids and all other groups of epiphytes.
Peperomia Ruiz & Pav. in Piperaceae is the genus with the largest numbers of epiphytes apart from the orchid genera mentioned above. A recent revision of c. 1000 out of approximately 1600 Peperomia spp. yielded 43% epiphytic species (M. Samain, pers. comm.), resulting in an estimate of almost 700 epiphytic species.
Another family with a substantial number of epiphyte species are Ericaceae. Approximately 15% of the c. 4000 species are epiphytic and c. 25% of the genera in this family have epiphytic members. The 629 epiphyte species are not evenly distributed among the eight subfamilies and 20 tribes (Kron et al., 2002) . Almost all genera of the species-rich tribe Vaccinieae in subfamily Vaccinioideae (27 of c. 32 genera) have epiphytic members, but the genus with the single largest number of epiphytic species (Rhododendron L., c. 140 epiphytic species) belongs to another tribe (Rhodorae) and subfamily (Ericoideae). A large proportion of epiphytic Ericaceae are not restricted to either the epiphytic or terrestrial existence, but are found on both trees and soil.
Only slightly fewer epiphytic species (570 species, Table 1 ) compared with the previous two families are found in Gesneriaceae. The two most important genera (total: 20 genera with epiphytes) are Aeschynanthus Jack and Columnea L., with almost 200 species each. The distinction between vines, terrestrial herbs with accidental occurrences on trees and epiphytes is difficult in many genera. For example, most species of Drymonia Mart. germinate exclusively terrestrially, but there are a few species in this genus (e.g. Clark et al., 2006 ) that qualify as true epiphytes.
A large proportion of the estimated 3200 species of Araceae use trees and other woody plants as structural support, but relatively few of them are true epiphytes, Anthurium Schott being by far the most important genus, with more than 200 species of epiphytes. Many Cyclanthaceae are also vines, but there are genera such as Sphaeradenia Harling or Asplundia Harling with many species that grow at least facultatively as epiphytes.
Melastomataceae are a large family with > 4000 species, primarily shrubs and herbs, but also trees, lianas and epiphytes. Relatively few of its members are at least facultatively epiphytic and hemiepiphytic species (c. 7%). Most of the approximate epiphytic 700 species belong to the genera Blakea P.Browne and
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Topobea Aubl. in the Neotropics and Medinilla in the Palaeotropics.
More than 20 genera of Rubiaceae have epiphytic members. Most species-rich and almost exclusively epiphytic are the genera Hydnophytum Jack, Myrmecodia Jack and Hillia Jacq.
Apocynaceae are mostly lianas, trees and shrubs, but there are also many obligate or at least facultative epiphytes, mostly in the two genera Dischidia R.Br. and Hoya R.Br.
There are approximately 125 species of epiphytic cacti, distributed over 15 genera. The most important genus of epiphytic Cactaceae is Rhipsalis Gaertn., with a centre of diversity in the Atlantic rainforest of Brazil.
There are seven genera in Solanaceae that are exclusively epiphytic or are primary hemiepiphytes, but none is particularly species-rich. A few taxa in the genera Solanum L., for example, Solanum morelliforme Bitter & Münch (Simon, Fuentes & Spooner, 2011) , and Lycianthes Hassl., are true epiphytes. Similar to many other cases, limits between epiphytes and terrestrials are not sharp: quite a few terrestrial species, such as the herbaceous vine, Solanum phaseoloides Pol., occasionally grow on fallen logs or as an epiphyte (Tepe & Bohs, 2011) .
Most of the species listed in Table 1 Allard et al. (2005) found the epiphytic Pedicularis 'dendrothauma' in the Himalaya.
DISCUSSION
The more restrictive definition of 'epiphyte' in the current paper compared with that of Kress (1986) resulted in a lower number of families with epiphytes. I acknowledge only 73 instead of 84 families (KBL). Almost all of the excluded families had but one or two genera with few epiphytic members; for example, Sapindaceae (Acer L.), Winteraceae (Drymis) or Ranunculaceae (Thalictrum L.), all considered to be accidentals now (see also Supporting Information, Appendix S2). The total number of epiphytic species, however, shows a substantial increase despite the secondary hemiepiphytes being excluded [c. 27 000 (this study) compared with 23 500 species (KBL); both lists include c. 800 species of primary hemiepiphytes in genera such as Ficus, Coussapoa Aubl. or Clusia]. The observed difference is primarily attributable to the substantial increase of c. 50% in the number of accepted orchid species, equivalent to some 5000 epiphytic species. Remarkably, there has been little change in the proportion of epiphytic taxa in this family during the last 20 years (c. 70% of all species). This is also true when analysing the proportion of epiphytic taxa among newly described orchid species over the last 100 years using the WCSP data base. Summed up per decade, epiphytes made up between 53 and 79% of all newly described species with no temporal trend (Pearson Product moment correlation, r = 0.01, P > 0.05). If this finding is representative for other families as well, the proportion of epiphytic taxa among vascular plants is not expected to change in the future with new discoveries, which is somewhat surprising considering the more recent increase in canopy studies.
Changes in two families need particular mention, i.e. in Araceae and in Marcgraviaceae. Aroids have traditionally been treated as a family with one of the strongest epiphytic biases (Benzing, 1990) . These figures were arguably inflated by lumping epiphytic taxa with a huge number of species that also use trees as structural support but are basically vines and thus show a completely different ecology. Excluding these species leads to rather dramatic reduction, from c. 1300 'epiphytic' species in KBL to fewer than 300 in the present compilation. This deviation from the traditional view is a logical consequence of my emphasis on the site of germination in defining epiphytes. Arguably, the ecological literature should benefit from an unambiguous distinction of structurally dependent life forms. Marcgraviaceae was also treated as basi-cally epiphytic in KBL with 89 species (= 75% of the total species of the family), but was also included in lists of secondary hemiepiphytes (Williams-Linera & Lawton, 1995) . However, there is no evidence that any species actually satisfies the definition of an 'epiphyte' used in this analysis, although admittedly little is known of the ecology, particularly the germination ecology, of these species and future studies may well discover a primarily epiphytic existence of some taxa (S. Dressler, pers. comm.). Recent and clearly divergent descriptions of the family by Ward & Price (2002: 'lianas or usually epiphytic shrubs ') and Lens et al. (2005: 'lianas, climbing shrubs and treelets') highlight a general ambiguity. There are observations of occasional germination in the canopy and the development of tubers in early ontogeny (e.g. in Schwartzia costaricensis (Gilg) Bedell), which may indicate adaptations to the drought-prone epiphytic habitat (S. Dressler, pers. comm.). To conclude, current evidence provides no basis for an estimate of the number of epiphytic taxa in this family, if any, and Marcgraviaceae are thus excluded.
Many other changes in relation to KBL simply reflect taxonomic rearrangements; for example, Clusiella Planch. & Triana now belongs to Calophyllaceae, or ferns previously found in Vittariaceae are now included in Pteridaceae. However, there are real additions. Most represent increases in species numbers in established epiphytic genera or families, but a few lead to the inclusion of new genera or even families. Substantial proportional changes are found in some families with relatively few epiphytic taxa. Apart from the examples already mentioned (Crassulaceae, Nepenthaceae), the number of known epiphytic taxa almost doubled in Begoniaceae (e.g. De Wilde, 2002) and Zingiberaceae (e.g. Williams et al., 2003) in the last two decades, whereas for Impatiens L. (Balsaminaceae) the known number of epiphytes even tripled (from five to 15 species) (e.g. Janssens, Fischer & Stévart, 2010) .
Although these changes are not dramatic, there are still substantial implications. For example, in KBL virtually all orchid genera with epiphytes were exclusively epiphytic, which suggested that the conquest of tree canopies is unidirectional [e.g. as reported in Coronatherae (Gesneriaceae) by Salinas & Armesto, 2012] and constitutes an evolutionary dead end. In contrast, in the current list > 50 basically epiphytic orchid genera have a few terrestrial and/or lithophytic members. This indicates a much more dynamic evolution of taxa in both directions. Similarly, there are a substantial number of genera with just one or few epiphytic members. Genera with both epiphytic and non-epiphytic members seem ideally suited for the study of the ecology and evolution of epiphytism. Indeed, an increasing body of literature puts a focus on epiphytism in a phylogenetic context (Wikström, Kenrick & Chase, 1999; Gravendeel et al., 2004; Monteiro et al., 2010; Givnish et al., 2011; Salinas & Armesto, 2012) , whereas other studies deal with the ecology of epiphytism by identifying the anatomical, morphological and physiological attributes that distinguish epiphytic and terrestrial sister taxa (Moreira & Isaias, 2008; Quezada & Gianoli, 2011; Tsutsumi et al., 2011) . Clearly, a rigorous definition of 'epiphyte' is essential for unambiguous results in all these studies, whereas the inclusion of a large set of distinct genera and families is needed to come to more general conclusions. This compilation should be an important tool for this endeavour.
